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INTRODUCTION 

The helicopter rotor design process is highly multidisciplinary in nature 
and requires a merging of several technical disciplines such as dynamics, 
aerodynamics, structures and acoustics. In the past the conventional design 
process was controlled by the designer's experience and the use of trial and 
error methods. Today, one of the more promising approaches to the rotor 
blade design process is the application of structural optimization 
techniques. design 
optimization procedures to bring the state of the art to a very high 

While these techniques have received wide attention in the fixed- 
wing field', they are fairly recent in the rotary wing industry3-'. host of 
the work involving application of optimization techniques to rotor blade 
design has been focused on nearly independent technical disciplines with 
very little consideration of the coupling and interaction between the 
disciplines. For example, the dynamic design requirements have been 
considered in the optimum rotor blade design in refs. 6-10. Blade 
aerodynamic and structural requirements were considered in refs. 11 and 12, 
respectively. 

The necessity of merging appropriate disciplines to obtain an integrated 
design procedure has been recently emerging and with improved understanding 
of helicopter analyses and optimization schemes, it is now possible to apply 
optimization techniques and include the couplings between the disciplines. 
In refs. 13-15 the dynamic and structural design requirements were coupled 
with airloads in the analysis and in refs. 16 and 17 the dynamic and 
aeroelastic requirements were integrated. The optimization procedure 
described in this paper i s  part of an effort at NASA Langley Research 
Center'' and is aimed at integrating two technical disciplines, aerodynamics 
and dynamics. As a first investigation, the airloads will be included to 
perform coupled airload/dynamic integration of rotor blades. Later the 
aerodynamic performance requirements will be added to obtain an integrated 
aerodynamic/dynamic optimum design procedure. The procedure is no longer 
sequential - rather it will account for the interactions between the two 
disciplines simultaneously. The paper briefly describes some of the recent 
work done by the authors which focussed on optimum blade design with dynamic 
behavioral constraints and presents some of the authors' recent experiences 
in developing a strategy for structural optimization with integrated 
dynamics/aerodynamics of rotor blades. 

An extensive amount of work has been done in developing 
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INTEGRATED ROTORCRAFT ANALYSIS 

Currently at the NASA Langley Research Center, there is an effort to 
integrate various technical disciplines such as dynamics, aerodynamics and 
structures into the rotor design process. Shown below in fig. 1 is a 
tentative plan of the integrated rotor analysis program. The plans are to 
perform independent discipline level optimizations, (e.g. rotor aerodynamic, 
dynamic and structural optimization as shown by the clear bubbles) by 
considering design variables, constraints and objective functions that 
affect the particular discipline considered. The next step is to couple 
rotor aerodynamics and dynamics to perform integrated aerodynamic/dynamic 
optimization. This would involve considerations of design variables and 
requirements of importance to each discipline, although there are certain 
design variables that influence all the disciplines involved. The 
structural design criteria are then introduced to obtain an integrated 
aerodynamic/dynamic/structural optimization procedure. The influence of 
airframe dynamics and acoustics will be accounted for through constraints in 
the design optimization to obtain the 'fully integrated procedure.' The 
final step is to validate this optimization procedure for a blade test 
article. 

FIGURE 1 
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ROTOR BLADE DESIGN CONSIDERATIONS 

Rotor  blade d e s i g n  i n v o l v e s  s e v e r a l  c o n s i d e r a t i o n s  some o f  which are l i s t e d  
below i n  f i g .  2 .  The blade d e s i g n  must s a t i s f y  s p e c i f i e d  s t r e n g t h  c r i t e r i a  
and shou ld  be damage t o l e r a n t .  The r o t o r  blade aerodynamic d e s i g n  p r o c e s s  
c o n s i s t s  o f  p r o p e r  s e l e c t i o n  o f  b l a d e  geomet r i c  v a r i a b l e s  such  as planform, 
a i r f o i l s ,  t w i s t ,  e t c .  t o  meet performance r equ i r emen t s  . H e l i c o p t e r  
performance i s  u s u a l l y  e x p r e s s e d  i n  t e r m s  o f  horsepower r e q u i r e d  as  a 
f u n c t i o n  of  v e l o c i t y .  The horsepower r e q u i r e d  t o  d r i v e  t h e  main r o t o r  f o r  
any pa r t  of  a m i s s i o n  must be less t h a n  t h e  avai lable  horsepower.  The 
a i r f o i l  s e c t i o n  s t a l l  must a l so  be avoided ,  i . e .  t h e  a i r f o i l  s e c t i o n s  must 
o p e r a t e  a t  s e c t i o n  drag c o e f f i c i e n t s  less t h a n  a s p e c i f i e d  v a l u e .  Two o t h e r  
major c r i t e r i a  i n  r o t o r  blade d e s i g n  have been l o w  weight  and  l o w  v i b r a t i o n .  
For a h e l i c o p t e r  i n  fo rward  f l i g h t ,  t h e  nonuniform f low p a s s i n g  th rough  t h e  
ro tor  c a u s e s  o s c i l l a t i n g  airloads on t h e  r o t o r  blades. These loads i n  t u r n  
are t r a n s l a t e d  i n t o  v i b r a t o r y  s h e a r  f o r c e s  and bending  moments a t  t h e  hub. 
The re fo re ,  v i b r a t i o n  a l l e v i a t i o n  wi thou t  we igh t  p e n a l t y  i s  an  impor t an t  
c r i t e r i o n .  and f i n a l l y  , 
t h e  n o i s e  l e v e l s  g e n e r a t e d  by t h e  r o t o r  which are a f u n c t i o n  o f  l o c a l  Mach 
number and a i r l o a d s  s h o u l d  be  reduced .  T h i s  paper w i l l  c o n c e n t r a t e  on t h e  
low v i b r a t i o n  and t h e  low blade weight  aspects of  t h e  d e s i g n .  

11 

The blade s h o u l d  a l so  be a e r o e l a s t i c a l l y  s table  l7 

Strength, survivability, fatigue life 

0 Aerodynamic performance 

Vibration 

Weight 

Aeroelastic stability 

Acoustics 
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DYNAMIC OPTIMIZATION PROBLEM STATEMENT 

As ment ioned  b e f o r e ,  low v i b r a t i o n  i s  a n  i m p o r t a n t  d e s i g n  r e q u i r e m e n t  i n  
h e l i c o p t e r  r o t o r  blade d e s i g n .  One way o f  r e d u c i n g  t h e  v i b r a t i o n  l e v e l  i n  
t h e  blade i s  t o  d e s i g n  t h e  blade s u c h  t h a t  t h e  n a t u r a l  f r e q u e n c i e s  are 
separated from m u l t i p l e s  o f  t h e  d r i v i n g  f r e q u e n c i e s .  F a i l u r e  t o  c o n s i d e r  
f r e q u e n c y  p l acemen t  e a r l y  i n  t h e  d e s i g n  p r o c e s s  can  c a u s e  a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  f i n a l  blade weight  l a t e r  if p o s t d e s i g n  a d d i t i o n  o f  
n o n s t r u c t u r a l  masses i s  r e q u i r e d .  A p p r o p r i a t e l y  p l a c i n g  t h e  na tu ra l .  
f r e q u e n c i e s  can  be done  by a p r o p e r  t a i l o r i n g  of  t h e  blade m a s s  a n d / o r  
s t i f f n e s s  d i s t r i b u t i o n s  t o  m e e t  t h e  n e c e s s a r y  d e s i g n  r e q u i r e m e n t s  u s i n g  
s t r u c t u r a l  o p t i m i z a t i o n .  T h i s  s e c t i o n  o f  t h e  paper p r e s e n t s  a n  overview of 
t h e  dynamic o p t i m i z a t i o n  work which h a s  been  comple t ed .  The g o a l  o f  t h e  
dynamic o p t i m i z a t i o n  p rob lem ( f i g .  3 )  i s  t o  o b t a i n  minimum we igh t  d e s i g n s  of  
blades w i t h  c o n s t r a i n t s  on  m u l t i p l e  c o u p l e d  f l a p - l a g  n a t u r a l  f r e q u e n c i e s .  
It i s  a l so  i m p o r t a n t  t h a t  t h e  a u t o r o t a t i o n a l  pe r fo rmance  of t h e  blade n o t  be 
degraded d u r i n g  t h e  t a i l o r i n g  p r o c e s s  s i n c e  t h e  blade s h o u l d  have  s u f f i c i e n t  
i n e r t i a  t o  a u t o r o t a t e  i n  case o f  a n  e n g i n e  f a i l u r e .  I n  order t o  e n s u r e  a 
safe d e s i g n ,  t h e  blade c e n t r i f u g a l  stress s h o u l d  be l i m i t e d  by a n  
a p p r o p r i a t e  uppe r  bound.  For t h i s  s t u d y  o n l y  c e n t r i f u g a l  stress h a s  been  
c o n s i d e r e d .  The blade i s  assumed t o  be i n  vacuum i n  t h i s  i n v e s t i g a t i o n  and  
t h e  r e s u l t s  of t h i s  a n a l y s i s  w i l l  g e n e r a t e  a good s t a r t i n g  p o i n t  f o r  t h e  
i n t e g r a t e d  o p t i m i z a t i o n .  

Goal - Minimize blade weight with constraints 
on multiple coupled natural frequencies, 
autorotational inertia and stress 

0 Approach - Stiffness and/or mass modifications, 
placement of tuning masses 

.Assumption - Blade is in vacuum - generates 
good starting point for integrated 
opt i m kat  ion 
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ROTOR BLADE MODEL FOR DYNAMIC OPTIMIZATION , 

The r o t o r  blade model f o r  dynamic opt imizat ion i s  shown below i n  f i g .  4 .  
The blade i s  a r t i c u l a t e d  and has a f ixed  hub, a pre twis t  and a root  spr ing  
which allows t o r s i o n a l  motion. A box beam w i t h  unequal v e r t i c a l  wall  
th icknesses  i s  loca ted  i n s i d e  t h e  a i r f o i l  and lumped nons t ruc tura l  masses 
a r e  loca t ed  i n s i d e  t h e  box and d i s t r i b u t e d  spanwise. T h i s  model i s  based on 
an e x i s t i n g  blade design denoted t h e  ' re fe rence  blade'  descr ibed i n  r e f s .  8 ,  
9 ,  and 13.  A s  i n  r e f .  13, it i s  assumed t h a t  t h e  box beam con t r ibu te s  a l l  
t h e  blade s t i f f n e s s ,  t h a t  i s ,  t h e  cont r ibu t ions  of t h e  s k i n ,  honeycomb, e t c .  
t o  t h e  blade f l a p  and l a g  s t i f f n e s s e s  a r e  neglected.  The d e t a i l s  f o r  
c a l c u l a t i n g  t h e  box beam sec t ion  p rope r t i e s  can be found i n  r e f .  8 .  The 
p r o p e r t i e s  of t h e  box beam loca ted  i n s i d e  t h e  a i r f o i l  a r e  a s  follows: 
h=0.117 f t ,  b=0.463 f t ,  p=8.645 s l u g s / f t  , E=2.304x109 l b / f t  , allowable 
stress bmax=l.93x107 l b / f t 2  and f a c t o r  of s a fe ty ,  FS=3. The blade i s  
d i s c r e t i z e d  i n t o  t e n  segments. Both rec tangular  and tapered  blades a r e  
considered. For t h e  rec tangular  blade,  t h e  box beam ou te r  dimensions along 
t h e  blade span remain unchanged. The design va r i ab le s  f o r  t h e  rectangular  
blade a r e  t h e  box beam wall  th icknesses  tl, and t3 and t h e  magnitudes of 
t h e  nons t ruc tura l  weights loca ted  i n s i d e  t h e  box beam a t  t e n  spanwise 
loca t ions .  For t h e  tapered  blade it i s  assumed, a s  i n  r e f s .  8 and 9 t h a t  
t h e  box beam i s  tapered  and t h e  add i t iona l  design va r i ab le s  a r e  t h e  box beam 
he ight  a t  t h e  roo t ,  h,, and t h e  t ape r  r a t i o ,  hh, which i s  def ined a s  t h e  
r a t i o  of t h e  box beam height  a t  t h e  roo t  t o  t h e  corresponding value a t  t h e  
t i p .  A l i n e a r  v a r i a t i o n  of t h e  box beam he ight ,  h,  i n  t h e  spanwise 
d i r e c t i o n  i s  assumed. 

3 2 

t2,  i 

I 

0 Reference blade I_ b 
Articulated, rigid hub 
Rectangular planform, pretwist, 

0 Design variables 
Box beam wall thicknesses, tl, t2, t3 (10 spanwise positions) 

@Box beam outer dimension hr 
Taper ratio Xh 
Magnitudes of lumped masses (1 0 spanwise positions) 

root spring 

FIGURE 4 
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FORMULATION OF DYNAMIC OPTIMIZATION PROBLEM 

The purpose of t h e  opt imizat ion procedure, a s  descr ibed i n  f i g .  5 below, i s  
t o  m i n i m i z e  t h e  weight W of t h e  r o t o r  blade w h i l e  cons t ra in ing  t h e  na tura l  
f requencies  f k  t o  be within spec i f i ed  'windows' (upper and lower bounds). 
An e x i s t i n g  blade which i s  being used i n  a production he l i cop te r  has been 
se l ec t ed  a s  a base l ine  blade and w i l l  be r e fe r r ed  t o  a s  t h e  ' reference 
b lade ' .  A modal ana lys i s  of t h e  reference blade showed t h a t  t h e  frequencies 
of  i n t e r e s t  were not near t he  n per rev ( c r i t i c a l  values)  values  where n 
denotes t h e  t o t a l  number of blades.  Hence it was decided t o  def ine 
c o n s t r a i n t s  t o  fo rce  t h e  frequencies of t h e  optimum blade t o  be c lose  t o  
those of t h e  re ference  blade.  The concept of 'windows' has been used s ince 
the  nonl inear  programming method used i n  t h i s  work cannot handle equal i ty  
c o n s t r a i n t s .  These windows, denoted by fk  and f ( f o r  t h e  lower bound and 

upper bound on frequency, r e s p e c t i v e l y ) ,  a r e  on t h e  frequencies  of t h e  f i r s t  
t h r e e  lead-lag dominated modes and the  f i r s t  two f lapping  dominated modes 
( e l a s t i c  modes o n l y ) .  The frequency windows a r e  c a r e f u l l y  se l ec t ed  t o  
a l l e v i a t e  any shear  ampl i f ica t ion  problem. A p rescr ibed  lower l i m i t  a on  
t he  blade a u t o r o t a t i o n a l  i n e r t i a  A I  and an upper bound omax on t h e  blade 
c e n t r i f u g a l  s t r e s s  ok have a l s o  been used. Side c o n s t r a i n t s  qi and Oi 

L U 

(lower and upper bounds on t h e  ith design va r i ab le  Qi )  have been imposed on 
t h e  design va r i ab le s  t o  avoid imprac t ica l  so lu t ions .  

L kU 

0 Objective function 
Minimum blade weight W 
w = w b + w O  

0 Constraints 
a 

a 

a 

a 

Frequency windows on first 3 lead-lag 
and first 2 flapping elastic modes 

fkL5 fk fkU 
k = 1,2,3,4,5 

Lower bound on autorotational inertia 
AI ? a 
Upper bound on centrifugal stress 

Bounds on design variables 

FIGURE 5 
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METHODOLOGY FOR DYNAMIC OPTIMIZATION PROBLEM 

The procedure described in this paper uses the program Comprehensive 
- Analytical Model of Rotorcraft Aerodynamics and Dynamics (CAMRAD) 20 .  The 
modal analysrs portion sf the program CAMRAD which uses a modified Galerkin 
approach” has been used for the dynamic optimization problem. According to 
ref. 22, this approach is the preferred method for computing mode shapes and 
frequencies of structures having large radial variations in bending 
stiffness. The general purpose optimization program CONMIN23 which uses the 
nonlinear programming method of feasible directions has been used for the 
optimization. The method of solution described below (fig. 6) starts with 
discretizing the blade into finite segments. In the search for the optimum 
vector of new design variables, CONMIN requires derivatives of the objective 
function and constraints. The user has the option of either allowing CONMIN 
to calculate derivatives by using forward differences, or by supplying those 
derivatives to CONMIN. In the work presented in this paper, the latter 
approach has been used. Analytical expressions for the derivatives of the 

I obtained. A central difference scheme has been used for the derivatives of 
the frequency constraints. The initial attempt * using forward, differences 
gave highly inaccurate derivatives. 

The optimization process generally requires many evaluations of the 
objective function and the constraints before an optimum design is obtained. 
The process therefore can be very expensive if exact analyses are made for 
each evaluation. To reduce computational requirements, the optimization is 
based on the use of approximate analyses. In the present paper a piecewise 
linear analysis, based on first order Taylor Series expansions, is used. 
The approximate analyses should produce accurate characteristics of the real 
problem in a neighborhood of the current design which is continuously 
updated during optimization. The method has been found to be effective in 
the past (e.g., ref. 24) for providing accurate approximations. 

I objective function and the autorotational inertia constraint have been 

*Codes used 
OCAMRAD - Blade modal analysis (modified 

Galerkin approach) 
CONMIN - Optimization (nonlinear programming 

approach - method of feasible directions) 

Discretize the blade (10 finite segments) 
0 Compute mode shapes and frequencies 

Perform sensitivity analysis 

autorotational inertia constraint and 
stress constraints 

derivatives 

Method of solution 

Analytical derivatives of objective function, 

Central differences for frequency constraint 

Use approximate analysis techniques 

FIGURE 6 



DYNAMIC OPTIMIZATION RESULTS FOR RECTANGULAR AND TAPERED BLADES 

Results obtained by applying t h e  dynamic optimization procedure t o  the 
design of both rectangular and tapered rc tor  blades a re  summarized here 
( f i g .  7 ) .  The t ab le  below depicts some of the representative resu l t s  f o r  
the  rectangular and tapered blades. For the rectangular blade the 40 design 
variables a re  the box beam wall thicknesses (tl ,  t2, t3) and the magnitudes 
of the nonstructural masses a t  ten spanwise locations.  For the tapered 
blade w i t h  42  design variables,  the two additional design variables are  the 
box beam height a t  the roo t  and the taper r a t i o .  I n  each table ,  column 1 
represents the reference blade data; column 2 gives the corresponding 
information f o r  the optimum design for  the rectangular blade w i t h  
constraints  on the  f ive  frequencies, autorotational i n e r t i a  and s t ress ;  and 
column 3 gives resu l t s  for  the optimum design f o r  the tapered blade w i t h  the 
same s e t  of constraints .  I n  a l l  cases convergence t o  optimum designs 
typ ica l ly  has been achieved i n  8-10 cycles. 

The t ab le  indicates  t ha t  the optimum rectangular blade i s  4 . 7  percent 
l i gh te r  than t h e  reference blade and the optimum tapered blade i s  6 . 2  
percent l i gh te r  than t h e  reference blade. Although the f i r s t  lead-lag 
frequency ( f l )  i s  a t  i t s  prescribed upper bound a f t e r  optimization, both 
frequencies a re  sa t i s fac tory  as  f a r  as  the shear amplification problem i s  
concerned. The autorotational i n e r t i a  constraint  i s  a lso act ive ( i . e .  
exactly s a t i s f i e d )  i n  a l l  the cases. 

Autorotational 
inertia(Al), Ib-ft 

Blade weight, Ib 

Percent reduction 
in blade weight ! 

Reference 
blade 

1 .o 
12.285 

16.098 

20.91 3 

34.624 

35.861 

51 7.3* 

98.27 

---- 

Optimum blade 
Rectangular 
(40 design 
variables) 

1 .o 
12.408* 

16.075 

21.081 

34.823 

35.800 

51 7.3* 

93.61 

4.74 

Tapered 
(42 design 
variables) 

1.49 
12.408* 

16.066 

20.888 

34.678 

35.507 

51 7.3* 

92.1 6 

6.21 

! From reference blade * Active 

FIGURE 7 
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OPTIMUM HORIZONTAL WALL THICKNESS (tl) DISTRIBUTIONS 
WITH MULTIPLE FREQUENCY AND STRESS CONSTRAINTS 

.018r 40 design variables 

.015 .010 

thickness(t ) '---I .006 

- 
Horizontal 

wall .080- 

1 I I  
ft ' '.004- 

.003- ,002 
. O O O " " " " '  

---.a 

The optimum box beam h o r i z o n t a l  w a l l  t h i c k n e s s  (t,) d i s t r i b u t i o n s  a l o n g  t h e  
blade s p a n  are shown below i n  f i g .  8 a n d  are compared w i t h  t h e  c o r r e s p o n d i n g  
d i s t r i b u t i o n  o f  t h e  r e f e r e n c e  blade. On t h e  l e f t ,  t h e  optimum d i s t r i b u t i o n  
c o r r e s p o n d s  t o  t h e  r e c t a n g u l a r  blade w i t h  40  d e s i g n  v a r i a b l e s  (column 2 ,  
f i g .  7 ) .  On t h e  r i g h t ,  t h e  optimum d i s t r i b u t i o n  c o r r e s p o n d s  t o  t h e  t a p e r e d  
blade w i t h  42  d e s i g n  v a r i a b l e s  (column 3 ,  f i g .  7 ) .  I n  b o t h  cases t h e  
optimum blade h a s  a la rger  v a l u e  o f  t l  t h a n  t h e  r e f e r e n c e  blade a t  t h e  b l a d e  
t i p .  The e x p l a n a t i o n  f o r  t h i s  i s  as f o l l o w s .  The a u t o r o t a t i o n a l  i n e r t i a  
can  be i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  moment a r m  a n d , , t h e r e f o r e ,  t h e  
c o n s t r a i n t  on t h e  a u t o r o t a t i o n a l  i n e r t i a  i s  s a t i s f i e d  e a s i l y  i f  more mass i s  
moved t o  t h e  blade t i p .  However, t h e  p r e s e n c e  of t h e  c e n t r i f u g a l  s tress 
c o n s t r a i n t  c o u n t e r a c t s  t h i s  t e n d e n c y .  T h e r e f o r e ,  t h e  n e t  r e s u l t  i s  more 
blade m a s s  t o w a r d s  t h e  o u t b o a r d  r e g i o n  of t h e  blade ( a l t h o u g h ,  n o t  
n e c e s s a r i l y  a l l  a t  t h e  t i p ) .  

- 0 1 2 1  42 design variables 
r--- 
I 1  
I I  
I I  
I I  
I I  
I I  - I I  

- 
--I 
L-- 

- 

. O O O " " " " '  

Rectangular blade Tapered blade 

FIGURE 8 
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OPTIMUM VERTICAL WALL THICKNESS (t2) DISTRIBUTIONS 
WITH MULTIPLE FREQUENCY AND STRESS CONSTRAINTS 

The optimum box beam ve r t i ca l  w a l l  t h i c k n e s s  (t2) d i s t r i b u t i o n s  a l o n g  t h e  
blade s p a n  are shown below i n  f i g .  9 and  are compared w i t h  t h e  c o r r e s p o n d i n g  
d i s t r i b u t i o n  of t h e  r e f e r e n c e  blade. On t h e  l e f t ,  t h e  optimum d i s t r i b u t i o n  
c o r r e s p o n d s  t o  t h e  r e c t a n g u l a r  blade w i t h  4 0  d e s i g n  var iables  (column 2 ,  
f i g .  7 ) .  On t h e  r i g h t ,  t h e  optimum d i s t r i b u t i o n  c o r r e s p o n d s  t o  t h e  tapered 
blade w i t h  42 d e s i g n  v a r i a b l e s  (column 3 ,  f i g .  7 ) .  I n  both cases t h e  
optimum blade h a s  a larger v a l u e  o f  t2 t h a n  t h e  r e f e r e n c e  blade a t  t h e  blade 
t i p  due  t o  t h e  p r e s e n c e  of  t h e  a u t o r o t a t i o n a l  i n e r t i a l  c o n s t r a i n t  as 
e x p l a i n e d  i n  t h e  p r e v i o u s  c h a r t .  However, t h e  d i f f e r e n c e  i n  magni tude  
be tween t h e  optimum a n d  r e f e r e n c e  blade v a l u e  a t  t h e  blade t i p  i s  n o t  as 
s i g n i f i c a n t  as it i s  f o r  t h e  h o r i z o n t a l  w a l l  t h i c k n e s s  t l .  The n a t u r e  o f  
t h e  h o r i z o n t a l  a n d  ve r t i ca l  w a l l  t h i c k n e s s e s  (tl  a n d  t2,  r e s p e c t i v e l y )  are  
a l s o  d i f f e r e n t  as t h e  former p r i m a r i l y  a f f e c t s  t h e  f l a p p i n g  f r e q u e n c y  and  
t h e  l a t e r  a f fec ts  t h e  lead-lag f r e q u e n c y .  

Vertical wall 

40 design variables 

.ooo .""2t----J 
.83 4.4 8.8 13.2 17.6 22. 

Blade radius, ft 

- Reference 
---- Optimum 

1 42 design variables 

t 
.83 4.4 8.8 13.2 17.6 22. 

Blade radius, ft 

Rectangular blade Tapered blade 
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OPTIMUM NONSTRUCT- SEGMENT WEIGHT DISTRIBUTIONS 
WITH MULTIPLE FREQUENCY AND STRESS CONSTRAINTS 

10- 
Nonstructural 8. 

segment 
weight, 

I bs 
4- 

Shown below ( f i g .  1 0 )  a r e  the optimum and the reference blade nonstructural 
segment weight d i s t r ibu t ions  along the blade radius f o r  both the rectangular 
blade w i t h  40  design variables (column 2,  f i g .  7 )  and t h e  tapered blade w i t h  
4 2  design variables (column 3 ,  f i g .  7 ) .  For the rectangular blade ( l e f t  
side of t h e  f igure)  the optimum blade has lower nonstructural weight 
throughout the blade span. However, for  the tapered.blade ( r igh t  s ide of 
the f igure)  t h e  optimum blade has larger  nonstructural weight toward the 
blade t i p  than the reference blade. T h i s  i s  because the tapered blade has 
reduced s t ruc tu ra l  weight requirements a t  the blade t i p .  Hence, i n  order t o  
s a t i s fy  the autorotat ional  i n e r t i a  constraint ,  the  nonstructural weight a t  
the t i p  must  increase. Even so the t o t a l  weight of the  optimum blade i s  
s t i l l  lower than tha t  of the reference blade. 

40 design variables 

- 
6= 

- Reference 
---- Optimum 

42 design variables 

I 

.83 4.4 8.8 13.2 17.6 22. .83 4.4 8.8 13.2 17.6 22. 
Blade radius, ft Blade radius, ft 

Rectangular blade Tapered blade 
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STRATEGY AND TASKS FOR STRUCTURAL OPTIMIZATION 
WITH INTEGRATED DYNAMICS/AERODYNAMICS 

The structural optimization of helicopter rotor blades with integrated 
dynamics/aerodynamics involves both dynamic, aerodynamic and structural 
design variables, constraints and objective functions along with the blade 
dynamic/aerodynamic/structural analysis. Together with calculations of the 
associated sensitivity derivatives this can make the integrated optimization 
process very complicated and expensive. As a first step towards integrating 
dynamics and aerodynamics, it was decided to separate the aerodynamic 
effects into two parts: airloads and performance (fig. 11). The initial 
step in integrated dynamic/aerodynamic optimization will combine airloads 
and dynamics. The second step would involve addition of aerodynamic 
performance to obtain a fully integrated structural optimization procedure 
with dynamics/aerodynamics . The inclusion of airloads would allow 
calculation of hub shears and moments which enter into the objective 
function and/or constraints. This would allow the inclusion of blade 
aeroelasticity through either limits on the hub loads or'the blade stability 
margin. The aerodynamic analysis would include trimming of the blade at 
each step of the design process for a specified flight condition. The trim 
analysis is in fact a coupled dynamic/aerodynamic/structural procedure. 

The integrated design process would require the use of more than one 
objective function in the design formulation. This is because it is 
difficult to single out an objective function as the primary requirement in 
an engineering system as complex as the rotor blade. This leads to the 
necessity of using multiple objective function techniques to formulate the 
optimization problem. Therefore, various multiple objective function 
techniques are being investigated and a method called 'Global Criteria 
Approach' * is being examined. 

Dynamic/aerodynamic/structural design 
variables and constraints 

0 Include airloads first - integrated dynamic/airload 
optimization procedure 

0 Add aerodynamic performance next - fully 
integrated dynamiclaerodynamic 
optimization procedure 

0 Coupled trim analysis 
0 Several objective functions - multiple 

objective function handling capability 
required 

Evaluate 'Global Criteria' approach for multiple 
objective optimization 

FIGURE 11 
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ANALYSIS COUPLINGS FOR STRUCTURAL OPTIMIZATION 
WITH INTEGRATED DYNAMICS/AIRLOADS 

Below is a schematic diagram that shows the general flow of information 
between the three major analyses involved in integrated airloads/dynamic 
optimization. Note that the three major disciplines are internally coupled. 
For instance, the blade aerodynamic analysis provides the airloads and 
control settings which are fed into the blade dynamic analysis. The blade 
dynamic analysis, based on this information, provides the blade natural 
frequencies, mode shapes, hub shears, moments, etc. If unsteady 
aerodynamics is included, the dynamic and aerodynamic analyses are coupled 
as shown by the dotted line in fig. 12 below. The information obtained from 
the dynamic analysis (shears/bending moments) are fed into the structural 
analysis box along with the airloads from the aerodynamic analysis to 
perform the trim analysis. The structural analysis is also used to compute 
the blade centrifugal stresses which are incorporated as constraints in the 
optimization process. 

Trim analvsis 

f 
Airloads, 

control settings 
Shears, 

moments 

Aerodynamic 
analysis 

Dynamic 

:Periodic 
(Unsteady 

L----,-------------- 

Structural 
- analysis 

A 

L r I 

Airloads 
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COMPUTATIONAL CONSIDERATIONS FOR STRUCTURAL OPTIMIZATION 
WITH INTEGRATED DYNAMICS/AIRLOADS USING CAMRAD 

Some of the computational considerations involved in the structural 
optimization procedure with integrated dynamics/airloads is described below 
in fig. 13. The program CAMRAD2' is used for the aerodynamic and dynamic 
analyses of the rotor blade in forward flight. The program has been found 
to be very reliable for analysis of helicopter rotors It uses a 
lifting line or blade element approach to calculate the section loading from 
the airfoil two-dimensional aerodynamic characteristics with corrections for 
yawed and three-dimensional flow effects . The program also has the 
provision for including unsteady aerodynamics. 

22  

Each intermediate design should satisfy the trim condition. The program 
CAMRAD offers two broad categories of trimming - the free flight case and 
the wind tunnel case. In the free flight case, the entire helicopter is 
trimmed to force and moment equilibrium whereas in the wind tunnel case the 
isolated rotor is trimmed to a prescribed operating condition. It is 
possible to use a free flight trim option for a,n isolated rotor in a wind 
tunnel since the trim option and the degrees for freedom representing the 
aircraft can be specified independently. However, the wind tunnel trimming 
options are more typical of a rotor in a wind tunnel without consideration 
of the complete rotorcraft. The wind tunnel trim option is selected for 
this analysis since the model used in this study is a wind tunnel model of a 
rotor. The trim option consists of trimming the rotor lift, drag and 
flapping angle with collective pitch, cyclic pitch and shaft angle. 

0 Aerodynamic loads (forward flight) 
Lifting line theory to calculate section 

loading from airfoil 2-D aerodynamic 
characteristics 

Corrections for yawed and 3-D flow effects 

Wind tunnel trim for isolated rotor 
0 Trim analysis 

Lift, drag and flapping angle with 
collective pitch, cyclic pitch and 
shaft angle 

FIGURE 13 
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FORMULATION OF THE STRUCTURAL OPTIMIZATION PROBLEM 
WITH INTEGRATED DYNAMICS/AIRLOADS 

The optimization problem addressed here uses blade weight and blade root 4 
per rev vertical shear as the objective functions to be minimized. The 
constraints are 'windows' on the coupled flap-lag natural frequencies to 
prevent them from falling into the critical ranges, a prescribed lower bound 
on the blade autorotational inertia and a maximum allowable upper bound on 
the blade stress. The design variables (fig. 14) are the blade spanwise 
stiffness distributions ( E I ' s  and GJ), the magnitudes of the lumped 
nonstructural masses distributed spanwise, the blade taper ratio and the 
root chord as shown below in the figure. The nonstructural masses which 
were used for frequency placement in the dynamics work discussed earlier 
will now be used for both frequency tuning as well as hub shear alleviation, 

Objective function: Blade weight and blade root 

Constraints: Frequencies, autorotational 

Design variables: 

vertical shear 

inertia, blade stress 
Stiffness and mass distributions, 
mag nit udes of lum pedhuning 
masses, taper ratio, root chord 
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C y :  Root chord 
Ct: Tip chord 
h : Taper ratio 
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FLOW CHART OF THE STRUCTURAL OPTIMIZATION PROCEDURE 
WITH INTEGRATED DYNAMICS/AIRLOADS 

Preassigned 
par am ete rs 

The optimization procedure shown in the flow chart below (fig. 15) is 
initiated by identifying the blade preassigned parameters which are the 
parameters that are held fixed during optimization. The next step is to 
initialize the design variables and perform the internally coupled blade 
analysis which comprises blade aerodynamic, dynamic and structural analyses. 
A sensitivity analysis is part of the procedure and consists of evaluations 
of the derivatives of the objective function and the constraints with 
respect to the independent design variables. Once the sensitivity analysis 
is performed the approximate model is defined based on a standard 
approximation technique. Using CONMIN along with the approximate model 
updated design variable values are obtained. The process continues until 
convergence is achieved. 

Updated 
design 

Aerodynamic Sensitivity 

FIGURE 15  
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SENSITIVITY ANALYSIS 

The c o n v e n t i o n a l  a p p r o a c h  f o r  p e r f o r m i n g  s e n s i t i v i t y  a n a l y s i s  i s  t o  
c a l c u l a t e  t h e  d e r i v a t i v e s  e i t h e r  a n a l y t i c a l l y  o r  by u s i n g  f i n i t e  d i f f e r e n c e  
schemes.  S i n c e  a n a l y t i c a l  e x p r e s s i o n s  are se ldom a v a i l a b l e  and  u s e  of 
f i n i t e  d i f f e r e n c e  schemes i s  u s u a l l y  e x p e n s i v e  a n d  sometimes i n a c c u r a t e ,  a 
new method 27 f o r  o b t a i n i n g  t h e  s y s t e m  s e n s i t i v i t y  h a s  been  c o n s i d e r e d  f o r  
t h e  p r e s e n t  work. The method e n a b l e s  o n e  t o  c a l c u l a t e  t h e  s e n s i t i v i t y  
d e r i v a t i v e s  o f  t h e  s y s t e m  s o l u t i o n  w i t h  respect t o  a d e s i g n  var iable  from a 
se t  o f  s i m u l t a n e o u s  e q u a t i o n s  which are known as G l o b a l  S e n s i t i v i t y  
- E q u a t i o n s  ( G S E ) .  I n  f i g .  1 6  t h e  s y s t e m  s e n s i t i v i t y  e q u a t i o n s  are described 
i n  t e r m s  o f  a c o u p l e d  s y s t e m  c o n s i s t i n g  of t h e  boxes  A, D ,  and  S 
r e p r e s e n t i n g  ae rodynamics ,  dynamics a n d  s t r u c t u r e s .  Each d i s c i p l i n e  box i s  
regarded as a set o f  m a t h e m a t i c a l  o p e r a t i o n s  t h a t  s o l v e s  one  o f  t h e  s'ets of 
g o v e r n i n g  e q u a t i o n s  on t h e  r i g h t  t o  p r o d u c e  a n  o u t p u t  d e n o t e d  by  Y ,  Fo r  
example,  YA d e n o t e s  t h e  o u t p u t  o f  t h e  aerodynamic  a n a l y s i s .  The c o u p l i n g  o f  
t h e  s y s t e m  i s  d e m o n s t r a t e d  i n  t h e  f i g u r e  below. The d e s i g n  v a r i a b l e s  are 
d e n o t e d  by  X .  The q u a n t i t i e s  X a n d  Y are i n  g e n e r a l  v e c t o r s .  Fu r the rmore  
t h e  s u b s e t  of YA e n t e r i n g  D may be d i f f e r e n t  f rom t h e  s u b s e t  of YA e n t e r i n g  
S I  a l t h o u g h  t h e  s u b s e t s  may o v e r l a p .  

Us ing  c h a i n  r u l e  on t h e  g o v e r n i n g  e q u a t i o n s  as i n  r e f .  2 1 ,  t h e  sys t em 
s e n s i t i v i t y  e q u a t i o n s  are d e r i v e d .  The s e n s i t i v i t y  der iva t ives  appear as 
t h e  v e c t o r  o f  unknowns. The c o e f f i c i e n t  m a t r i x  c o n s i s t s  of p a r t i a l  
d e r i v a t i v e s  of t h e  o u t p u t  of t h e  v a r i o u s  d i s c i p l i n a r y  r e s p o n s e s  w i t h  respect 
t o  each o ther  p o s i t i o n e d  of f  t h e  d i a g o n a l  a n d  i d e n t i t y  s u b m a t r i c e s  a l o n g  t h e  
d i a g o n a l .  Nonzero v a l u e s  of t h e s e  p a r t i a l  d e r i v a t i v e s  r e f l e c t  sys t em 
c o u p l i n g s .  The r i g h t  hand  side v e c t o r  c o n t a i n s  t h e  p a r t i a l  d e r i v a t i v e s  o f  
t h e  d i s c i p l i n a r y  o u t p u t s  w i t h  respect t o  a p a r t i c u l a r  design v a r i a b l e  ( e .g .  
Xi). The c o e f f i c i e n t  m a t r i x  n e e d s  o n l y  t o  be formed a n d  f a c t o r e d  once  f o r  a 
g i v e n  s y s t e m  a n d  t h e n  b a c k  s u b s t i t u t e d  u s i n g  a new r i g h t  hand  side v e c t o r  
f o r  e v e r y  new d e s i g n  v a r i a b l e .  Thus t h e  method e n a b l e s  t h e  computa t ions  of  
d e r i v a t i v e s  of complex i n t e r n a l l y  c o u p l e d  s y s t e m s  w i t h o u t  h a v i n g  t o  pe r fo rm 
e x p e n s i v e  f i n i t e  d i f f e r e n c e  d e r i v a t i v e s  based on  t h e  e n t i r e  s y s t e m  a n a l y s i s .  

Aerod Aarnicsll 

- 
kDynarnics) ](Structures)] 

Coupled rotor blade analysis Sensitivity derivatives 
Global sensitivity equations: 

FIGURE 16 
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MULTIPLE OBJECTIVE FUNCTION - GLOBAL CRITERIA APPROACH 

As indicated before, the current optimization procedure requires a multiple 
objective function approach. Several methods have been proposed for the 
solution of multiobjective optimization problems. However, many of these 
methods suffer from a need for assigning relative priorities to the 
individual objective functions, e.g. assigning weight factors. The 
optimization goal is to find the set of design variables I$ which minimizes N 
objective functions (F1($), F2($), . . ., FN($)) subject to a set of 
inequality constraints g (j=1,2, ..., NCON where NCON denotes the total 
number of constraints). Using the Global Criteria Approach described in 
fig. 17, the optimum solution $ is obtained by minimizing a prescribed 
'global criterion' p($) which is defined as the sum of the squares of the 
relative deviations of the individual objective functions Fi($) from their 

respective feasible optimum values Fi(Qi). The optimum solution, $i, to the 

ith individual objective function is obtained by minimizing Fi (0) subject to 
the constraints g.($)SO, j=1,2, ..., NCON. The optimization problem now is to 
minimize the composite objective function F($) subject to exactly the same 
set of constraints as used in the individual optimizations. The method is 
less judgmental in the sense it imposes equal priority to each individual 
objective function . 

j 
* 

* * 

3 A 
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Global Criteria Approach _.- 

Mi n i m ize "N" objective f u nc t io ns 
Optimization goal 

subject to gj  (4) ? 0 j 1,2,..m, NCON 
Global criterion formulation 

subject to g = (4) 4 0 j 1,2, ..., NCON 

($i) obtained from 
Minimize Fi (4) 
subject to g ($) 

I I 

0 j = 1,2, ..., NCON 
I J 

FIGURE 17 
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FORMULATION OF STRUCTURAL OPTIMIZATION PROBLEM 
WITH INTEGRATED DYNAMICS/AIRLOADS USING GLOBAL CRITERIA APPROACH 

Using the the Global Criteria Approach the airload/dynamic optimization 
problem with multiple objective functions can be formulated as shown in fig. 
18. The two objective functions F1($) and F2($) are the blade weight W and 
the blade root 4 per rev vertical shear FZ, respectively. The constraints 
are on the frequencies fk, k=1,2, ... 6 (three lead-lag and three flapping 
dominated modes), the blade stress d and the blade autorotational inertia 
AI. Using the Global formulation the new global objective function F($) is 
defined as the sum of the squares of the deviations of the objective 
functions, W and FZr from their respective individual optimum values W and 

Fi. The optimization problem now is to minimize F ( 4 )  subject to the 
original set of constraints. 

* 

Multiple objective functions: F1($) = W 

Constraints, g($): 

a - A l  S 0 
O ' F S - O , ~ ~ ~  0 

Global objective function: 

subject to g ($)s 0 

FIGURE 18 
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STUDY OF GLOBAL CRITERIA APPROACH FOR WEIGHT-STRESS OPTIMIZATION 
(BLADE IN VACUUM) 

Before attempting t o  solve the above integrated airload/dynamic optimization 
problem it was f i r s t  decided t o  study the Global Cr i t e r i a  Approach f o r  the 
dynamic optimization problem w i t h  the blade i n  vacuum and the blade weight 
and centr i fugal  s t r e s s  as the two objective functions t o  be minimized ( f i g .  
1 9 ) .  There F1 i s  equal t o  W which i s  the blade weight and F2 i s  equal t o  (T 

which represents the maximum centr i fugal  s t r e s s  i n  the  blade. The 
constraints  a r e  windows on the f i r s t  coupled lead-lag dominated and the 
f i r s t  flapping dominated frequencies and t h e  blade autorotat ional  i n e r t i a .  
The formulation of t h e  t e s t  problem is  shown i n  the  f igure.  The new global 
objective function is a measure of the deviations of the  individual 
objective functions, W and 0,  from t h e i r  respective optimum values W and 
d 

* 
* 

and i s  denoted by $ ( $ ) I  

Multiple objective functions: F,(+) = W 

F&$) a 

Constraints, g($): 

Global objective function: 
w - w *  

subject to g (+)5 0 

FIGURE 19 
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OPTIMIZATION RESULTS FOR RECTANGULAR BLADE USING GLOBAL CRITERIA APPROACH 
(BLADE IN VACUUM) 

F o l l o w i n g  are t h e  o p t i m i z a t i o n  r e s u l t s  f o r  t h e  w e i g h t - s t r e s s  o p t i m i z a t i o n  
p r o c e d u r e  d i s c u s s e d  i n  t h e  p r e v i o u s  c h a r t  performed w i t h  t h e  blade i n  
vacuum. F i g u r e  20 p r e s e n t s  r e s u l t s  o b t a i n e d  f rom t h e  s i n g l e  ob jec t ive  
f u n c t i o n  compared t o  t h o s e  o b t a i n e d  f r o m  t h e  m u l t i p l e  ob jec t ive  f u n c t i o n  
f o r m u l a t i o n  u s i n g  t h e  G l o b a l  C r i t e r i a  Approach .  The r e s u l t s  are f o r  t h e  
r e c t a n g u l a r  blade w i t h  30 d e s i g n  v a r i a b l e s  (tl, t2  a n d  t3 a t  t e n  s p a n w i s e  
l o c a t i o n s ) .  Case 1 c o r r e s p o n d s  t o  t h e  v a l u e s  o b t a i n e d  a f t e r  o p t i m i z a t i o n  
w i t h  blade w e i g h t  a s  t h e  s i n g l e  ob jec t ive  f u n c t i o n  a n d  Case 2 refers t o  t h e  
v a l u e s  o b t a i n e d  a f t e r  o p t i m i z a t i o n  w i t h  maximum c e n t r i f u g a l  stress as  t h e  
s i n g l e  o b j e c t i v e  f u n c t i o n .  Case 3 c o r r e s p o n d s  t o  t h e  v a l u e s  o b t a i n e d  a f t e r  
o p t i m i z a t i o n  w i t h  m u l t i p l e  ob jec t ive  f u n c t i o n s  (blade w e i g h t  a n d  maximum 
c e n t r i f u g a l  s tress) u s i n g  t h e  Global C r i t e r i a  Approach .  When o n l y  t h e  blade 
w e i g h t  i s  m i n i m i z e d ,  t h e  blade stress i n c r e a s e s  (Case 1 ) .  On t h e  o t h e r  h a n d  
when blade stress i s  m i n i m i z e d ,  t h e  blade w e i g h t  i n c r e a s e s  (Case 2 ) .  A s  
shown u s i n g  t h e  Global C r i t e r i a  Approach  (Case 31, when c o n s i d e r i n g  b o t h  
stress a n d  blade w e i g h t  s i m u l t a n e o u s l y ,  t h e  opt imum r e s u l t s  f a l l  i n  b e t w e e n  
t h o s e  o b t a i n e d  u s i n g  o n l y  s i n g l e  ob jec t ive  f u n c t i o n s .  Compared t o  Case 1 
t h e  blade w e i g h t  i s  s l i g h t l y  larger b u t  t h e  s tress i s  much lower.  Compared 
t o  Case 2 t h e  blade w e i g h t  i s  much l o w e r  a n d  t h e  stress i s  o n l y  s l i g h t l y  
i n c r e a s e d .  The Global C r i t e r i a  Approach  t h e r e f o r e  provides t h e  'best '  
compromise when two s u c h  c o n f l i c t i n g  ob jec t ive  f u n c t i o n s  are u s e d .  

II Case 1 : Objective function 
= weight 

Case 2: Objective function - 
stress 

Case 3: Objective function 
Stress weight & stress 

Case 1 2 3 

FIGURE 20 
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CONCLUDING REMARKS 

The paper addresses  t h e  problem of s t r u c t u r a l  opt imizat ion of he l i cop te r  
r o t o r  b lades  with in t eg ra t ed  dynamic and aerodynamic design cons idera t ions .  
R e s u l t s  of recent  opt imizat ion work on r o t o r  blades f o r  m i n i m u m  weight w i t h  
c o n s t r a i n t s  on mul t ip le  coupled na tu ra l  f lap- lag  frequencies ,  blade 
a u t o r o t a t i o n a l  i n e r t i a  and c e n t r i f u g a l  stress has been reviewed. A s t r a t egy  
has been def ined f o r  t h e  ongoing a c t i v i t i e s  i n  t h e  in t eg ra t ed  
dynamic/aerodynamic opt imizat ion of r o t o r  b lades .  A s  a f i r s t  s t e p  the  
in t eg ra t ed  dynamic/airload opt imizat ion problem has been formulated.  To 
c a l c u l a t e  s y s t e m  s e n s i t i v i t y  de r iva t ives  necessary f o r  t h e  opt imizat ion 
r ecen t ly  developed Global S e n s i t i v i t y  Equations (GSE)  a r e  being 
inves t iga t ed .  A n e e 5  f o r  mui t ip le  objec t ive  func t ions  f o r  t h e  in t eg ra t ed  
opt imizat ion problem has been demonstrated and var ious  techniques f o r  
so lv ing  t h e  mul t ip l e  objec t ive  funct ion opt imizat ion a r e  being inves t iga t ed .  
The method c a l l e d  t h e  'Global C r i t e r i a  Approach' has been appl ied  t o  a t e s t  
problem w i t h  t h e  blade i n  vacuum and t h e  blade weight and t h e  c e n t r i f u g a l  
stress a s  t h e  mul t ip l e  ob jec t ives .  The r e s u l t s  i n d i c a t e  t h a t  t h e  method i s  
q u i t e  e f f e c t i v e  i n  so lv ing  opt imizat ion problems w i t h  c o n f l i c t i n g  objec t ive  
func t ions .  F ig .  2 1) . 

Reviewed procedure for dynamic optimization 
with minimum weight objective and frequency, 
autorotational inertia and stress constraints 

Defined strategy for integrating the above 
with complete aerodynamic optimization 

Formulated integrated dynamidairload 
optimization 

Investigating global sensitivity equations for 
calculating system sensitivity derivatives 

Described need for multiple objective functions 

Investigated 'Global Criteria' approach for 
mu1 t i ple objective optimization 

FIGURE 21 
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